The medial collateral ligament complex is the primary constraint of the elbow to valgus forces and is composed of the anterior bundle, the posterior bundle, and a transverse part. Total and partial ruptures have been described. Clinical and radiologic examinations of medial or valgus instability of the elbow are difficult. The effect of different stages of medial collateral ligament ruptures on ulnohumeral movement in cadavers was determined to rationalize the use of physical and radiologic examinations in different stages of valgus instability in vivo. Using roentgen stereophotogrammetric analysis, motion is determined between the humerus and ulna under valgus load and between the humerus and radius during maximal pronation of the forearm after various dimensions of medial collateral ligament lesions. The increase in distance between the humerus and ulna under a 15 N valgus load varied from 2.7 mm to 9.8 mm. The increase in distance between the humerus and proximal radius with the forearm in pronation in an intact specimen and after transsection of the anterior medial collateral ligament and posterior medial collateral ligament in the anterior direction was 9.7 mm. These results suggest that detection of partial ruptures with clinical and radiologic examinations is difficult. Anterior movement of the radial head can be used as an additional parameter of valgus instability.
bundle, and a transverse part. The transverse part does not span the elbow and cannot contribute to stability. 4, 5, 20, 26 The anterior bundle is the primary restraint to valgus and internal rotatory forces and can be subdivided into an anterior band and a posterior band. The posterior medial collateral ligament is a fan-shaped thickening of the capsule and was reported not to give any significant stability to the elbow. 1, 3, 24, 26 Partial ruptures of the medial collateral ligament can cause subtle instability of the elbow and disabling pain in athletes engaged in overhead throwing. Posttraumatic total rupture of the medial collateral ligament can result in frank subluxation. [6] [7] [8] 11, 12, 14 Distinction of tear size is considered important because complete and large tears require surgical correction, whereas small partial tears can be treated conservatively. 6, 11, 21, 22 Clinical examination of medial or valgus instability of the elbow is difficult, and ancillary tests such as dynamic radiography under valgus load or magnetic resonance imaging are not reliable. 13, 18, 23, 25 This makes valgus instability prone to delayed recognition and under-treatment.
Roentgen stereophotogrammetric analysis has been proven to be an accurate method for measuring micromotion of prosthetic implants with respect to the surrounding bone. 9, 23, 27 Accuracy as much as 0.2 mm for translations and 0.3Њ for rotations have been reported. 9, 23 In this study of medial instability of the elbow, roentgen stereophotogrammetric analysis was used to detect motion after selective transsection of the medial collateral ligament complex.
The aim of this cadaver study was to define the kinematic changes under valgus load after various transsections of the medial collateral ligament to rationalize the use of a physical examination and valgus load radiography in different stages of medial collateral ligament injuries in vivo. Radial head motion was determined during maximal pronation after transsection of the medial collateral ligament to detect an additional parameter, which might facilitate the diagnosis of medial collateral ligament insufficiency in vivo.
MATERIALS AND METHODS
Five consecutive fresh cadavers were used within 12 hours after death. The donors were three males and two females (mean age, 71 years). Ten elbows, with normal ranges of motion and clinical stability, were fixed in a commercially available stress device (Telos GA/HE stress device, Austin & Associates, Fallston, MD). This device was equipped with a screwthreaded shaft that permits valgus stress to be applied gradually; the applied force is monitored on a lightemitting digital readout. The elbow was flexed 25Њ, and the upper arm was externally rotated and abducted 65Њ. The wrist was fixed in neutral position between two roller bars, and the elbow was fixed to the corpus throughout the experiment (Figs 1, 2) .
Dissection was done using a muscle-splitting approach through the flexor carpi ulnaris and pronator teres muscle just distal to the medial epicondyle to observe the medial collateral ligament without penetrating the joint capsule. In all elbows, the individual bands of the medial collateral ligament could be assessed. The length and width of the anterior medial collateral ligament were determined using a caliper.
Roentgen stereophotogrammetric analysis is a highly accurate measurement technique, which is used to calculate the three-dimensional motions of The Telos stress device consists of a screw-threaded shaft that permits valgus stress to be applied. The force is applied at the lateral epicondyle of the elbow and monitored on a lightemitting digital readout. The elbow was flexed 25Њ, and the upper arm was externally rotated and abducted 65Њ. The wrist was fixed between two roller bars, and the elbow was fixed to the corpus throughout the experiment.
bony structures. To obtain high accuracy, artificial landmarks have to be used. In this study, three, thin, transparent Plexiglas disks (Medis, Leiden, The Netherlands) with metal screw-threaded pins containing eight tantalum beads each, developed by the technical department of Leiden University Medical Centre, were used as artificial landmarks for the three bony elements. The disks were rigidly fixed to the bone of the medial epicondyle, proximal radial shaft, and base of the coronoid process of the ulna by three separate percutaneous incisions. The roentgen stereophotogrammetric analysis set-up consisted of two synchronized roentgen tubes positioned at approximately 1.50 m above a Plexiglas calibration cage (Medis) with 1-mm tantalum balls. Both roentgen tubes made an angle of 20Њ with the vertical. An xray cassette holding a film was inserted underneath the calibration cage. The elbow specimen from a cadaver was positioned above the Plexiglas calibration cage (Fig 3) .
In the first five specimens, the anterior band of the anterior medial collateral ligament was transected, followed by transsection of the posterior band of the anterior medial collateral ligament, and finally the posterior medial collateral ligament. In the other five specimens, the posterior band of the anterior medial collateral ligament was transected, followed by transsection of the anterior band of the anterior medial collateral ligament, and finally the posterior medial collateral ligament, because the posterior medial collateral ligament has been proven to be a secondary stabilizer. [1] [2] [3] Synchronized radiographs were taken in an unloaded condition with 15 N force applied to the lateral epicondyle of the humerus in the intact situation and after selective transsection of the medial collateral ligament. Radiographs with the forearm in maximal internal rotation, without valgus stress, were taken in the intact situation and after transsection of the anterior medial collateral ligament and the posterior medial collateral ligament. Motion between the humerus and ulna was determined in the mediolateral direction, craniocaudal direction, and anteroposterior (AP) direction. Motion between the humerus and proximal radius was determined in the previous mentioned directions with the arm in full 
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pronation in the intact situation and after total transsection of the medial collateral ligament. Translations were determined using roentgen stereophotogrammetric analysis software (Medis). This software automatically does fast and accurate measurements in digitized radiographs. 27 Markers are automatically detected and labeled.
A paired Student's t test was applied to the results of the measurements of this study, in which the intact situation was compared with several levels of transsection using the SPSS software program (SSPS Inc, Chicago, IL). The results are expressed as mean values and standard deviations.
RESULTS
The mean length of the anterior medial collateral ligament, measured with a caliper, was 26 mm (range, 24-31 mm), and the mean width of the midportion of the anterior medial collateral ligament was 5 mm (range, 4-7 mm). Distinction between the anterior and posterior bands of the anterior medial collateral ligament could be made in all specimens but were difficult to measure with a caliper. The posterior medial collateral ligament is more like a thickening of the capsule and therefore could not be measured.
Motion Between the Humerus and Ulna
The quality of the roentgen stereophotogrammetric analysis radiographs in two of the specimens was insufficient to determine the increase of the distance between the humerus and ulna with an intact anterior medial collateral ligament. Therefore, this increase was based on the results in eight specimens. In one specimen, the increase of the humeroulnar distance after complete transsection could not be determined. The results of nine specimens were used to determine the increase of distance after complete transsection of the anterior medial collateral ligament.
Motion in the mediolateral direction was less than 1.2 mm in all cases, and motion in the AP direction did not exceed 0.7 mm. Motion in the craniocaudal direction, which represents medial joint space widening, increased from 2.7 mm in the intact situation to 9.8 mm after total transsection of the medial collateral ligament ( Table 1) . Transsection of the anterior part of the anterior medial collateral ligament resulted in a 5.5-mm increase in distance in the craniocaudal direction. Transsection of the posterior part of the anterior medial collateral ligament resulted in a much smaller increase of distance between the humerus and ulna (0.5 mm).
Motion Between Humerus and Radial Head
In one specimen, the quality of roentgen stereophotogrammetric analysis radiographs was insufficient to determine the increase of distance between the humerus and radial head. The increase of distance between the humerus and radial head is based on the measurements of nine specimens. The increase of distance between the humerus and proximal radius in the mediolateral and craniocaudal directions was not considered relevant: it was less than 1 mm. Transsection of the anterior medial collateral ligament and the posterior medial collateral ligament resulted in displacement in the AP direction of 9.7 mm (standard deviation, 0.61 mm) compared with the intact situation under maximal internal rotation (p Ͻ 0.001; Table 2 ).
DISCUSSION
The magnitude of motion in the craniocaudal direction after transsection of two different parts of the anterior medial collateral ligament observed in this study confirms the biomechanical importance of different parts of the anterior medial collateral ligament in valgus stability, as described in previous reports. [1] [2] [3] The anterior portion of the anterior medial collateral ligament is the primary constraint to valgus loads, and the posterior part is a secondary constraint. [1] [2] [3] The anterior and posterior bands show consistent reciprocal tightening and can be injured separately, depending on the angle of flexion during injury. Lesions of the posterior part are more difficult to detect than lesions of the anterior part based on this study, because the increase in craniocaudal direction is much smaller after transsection of the posterior part. In this study, the posterior medial collateral ligament was observed to be a tertiary constraint to valgus load. This tertiary stabilizing function of the posterior medial collateral ligament is in contrast with some previous studies where it was reported that this bundle had a negligible stabilizing effect. [15] [16] [17] 22, 24 Based on the current experimental data, rupture of the posterior part of the anterior medial collateral ligament is difficult to detect using the increase of medial joint widening at clinical examination or dynamic elbow radiography using 15 N valgus load, because this increase is only 0.5 mm. However, during overhead throwing much higher valgus forces may be generated about the medial side of the elbow, so the little increase in the craniocaudal direction seen in this study might represent clinically important instability in the throwing athlete. Rupture of the anterior part of the anterior medial collateral ligament results in a 5.5-mm widening, and complete rupture of the anterior medial collateral ligament results in Negative values refer to motion in lateral direction. All p values were Ͻ 0.001. n ϭ 9.
7.4-mm widening of the joint space. Rupture of the anterior medial collateral ligament and posterior medial collateral ligament results in an increase of 9.8 mm. These lesions are more likely to be detected at physical or radiologic examinations ( Table 1) .
Increase of motion of the radial head during external rotation in the posterior direction has been described extensively in cases of posterolateral rotatory instability attributable to lateral collateral insufficiency. 19, 21 This increase in external rotation of the ulna and radius produces posterior motion of the radial head, which is detectable at physical examination using the pivot shift elbow test as described by O'Driscoll et al. 19 Total rupture of the medial collateral ligament results in a statistically significant increase in internal rotation of the ulna. 2, 3, 26 In this study, the motion of the radial head was 9.7 mm in the anterior direction.
The anterior band of the anterior medial collateral ligament is a primary constraint, the posterior band is a secondary constraint, and the posterior medial collateral ligament is a tertiary constraint to valgus forces. Detection of partial ruptures of the anterior medial collateral ligament seems to be unlikely on radiologic or physical examinations, whereas complete ruptures are more likely to be detected in this way. Anterior translation of the radial head can be used as an additional parameter in physical and radiologic examinations, which might facilitate the diagnosis of medial collateral ligament insufficiency of the elbow.
